The cytokines, interleukin 1, tumour necrosis factor, and interferon gamma are cytotoxic to islet beta cells, however, their mechanisms of beta-cell killing are not fully characterized. Since DNA damage is a mechanism of cytokine-induced cell death in some cell types, we sought evidence for cytotoxic effects of cytokincs at a nuclear level in islet beta cells by measuring DNA fragmentation in rat islets and islet beta-cell lines.
Cytokines produced by activated cells infiltrating islets are candidate molecules mediating impaired function and destruction of islet beta cells in IDDM [1] [2] [3] . A variety of mechanisms have been proposed to explain the cytotoxic effects of cytokines on islet beta cells [3] [4] [5] [6] , and these mechanisms include nitric oxide formation [5] . Recently Fehsel et al. [7] reported that nitric oxide-induced islet-cell lysis is preceded by DNA damage. Since DNA damage is a mechanism of cytokine-induced cell death in various cell types [8], we asked if cytokines can induce DNA damage in islet beta cells and whether this mechanism might be involved in cytokine-induced killing of the beta cells.
Materials and methods
Cytokines and chemicals. Recombinant human interleukin 1 (IL-lfl, 2-4 x 10 7 U/rag) was provided by The Upjohn Co. (Kalamazoo, Mich., USA), recombinant murine turnout necrosis
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factor (TNFc~, 1.2 x 107 U/mg) and recombinant murine interferon gamma (IFNT, 8 x 106 U/rag) were provided by Genentech (South San Francisco, Calif., USA). The chemicals were purchased from the following sources: medium RPMI 1640, HEPES, and fetal calf serum, Gibco BRL (Burlington, Ontario, Canada); 125IUdR and 51Cr sodium chromate, Dupont (Mississauga, Ontario, Canada); proteinase K and RNAse A, Boehringer Mannheim (Laval, Quebec, Canada); nicotinamide and other chemicals, Sigma (St. Louis, Mo., USA).
Studies with whole islets. Pancreatic islets were isolated from adult Wistar-Furth rats (Charles River, St. Constant, Quebec, Canada), by collagenase enzyme digestion of the pancreas [9], with ductal injection of the enzyme [10] . The islets were incubated at 37 ~ in 5 % CO2 in free-floating culture in RPMI 1640 medium supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 gg/ml streptomycin, 20 gg/ml amphotericin B, and 10 mmol/1 HEPES buffer (complete medium) for 48 h before experimentation.
In the first set of experiments, islets (1,000 per 35 x 10 mm petri dish) were incubated for 24 h at 37 ~ in 5 % CO2 in 2.7 ml complete medium without and with IL-lfl (10 U/ml), TNFc~ (103 U/ml) and IFN~'(103 U/ml), added one at a time and in combination. After this period, the insulin concentration of the incubation medium was measured by radioimmunoassay using rat insulin standards and a kit (Pharmacia, Uppsala, Sweden). The islets were collected and washed three times in ice-cold phosphate-buffered saline (pH 7.4). DNA fragmentation was assayed by a modification of the method of Duke and Sellins [11] . The islets were suspended in 500 gl of lysis buffer (5 mmol/1Tris-HC1, 2 mmol/1 EDTA, 0.5 % Triton X-100, pH 8.0), vortexed vigorously, sonicated on ice (Sonic 1510, B. Braun Melsungen AG, South San Francisco, Calif., USA) at 100 watts for 30 s, then incubated on ice for 20min, and centrifuged for 20min (14,000 x g). The supernatant, containing fragmented (soluble) DNA was transferred to a separate tube. Lysis buffer (500 gl) was added to the pellet containing insoluble DNA. Both samples were treated with proteinase K (final concentration 0.4 mg/ml) for 1 h at 50 ~ then the enzyme was inactivated at 65 ~ for 5 rain. RNAse A was added (final concentration 0.5mg/ml) for 2 h at 37 ~ then NaOH (0.2 mol/1) was added for 2 rain at 96 ~ The samples were cooled to 4~ for 3 min and HC1 (0.1 tool/l) was added to bring the pH to 8.0. To 100 gl samples in 12 x 75 mm borosilicate glass tubes, 1.2 ml of ethidium bromide solution (pH 8.0) was added; the samples were vortexed, and DNA concentrations were measured with a Turner 450 fluorometer (Mountain View, Calif., USA) [12] . Percent DNA fragmentation was calculated as 100 % x soluble DNA/(soluble + insoluble = total DNA).
In another set of experiments, islets were incubated with the combination of IL-lfl, TNF(z and IFN74or 12, 24 and 48 h. DNA was extracted and DNA fragments were visualized by agarose gel electrophoresis [13] . A positive control for DNA fragmentation was provided by DNA extracted from a mouse T-cell hybridoma, AI.1 incubated with an anti-T-cell receptor monoclonal antibody [14] .
Studies with cell lines. RINm5F is an insulinoma cell line derived from the NEDH rat islet cell tumor [15] . NIT-1 is an islet betacell line from a transgenic NOD/Lt mouse [16] and was kindly provided by Dr. M. Appel, (Worcester, Mass., USA). GH-3, a rat pituitary cell-line, and PC-12, a rat adrenal pheochromocytoma cell line, were obtained from American Type Culture Collection. RINm5F, NIT-l, and GH-3 cell monolayers were dissociated into single cells by incubation for 5 rain at 37~ in 0.05 % trypsin/0.02 % EDTA in Ca 2 +/Mg 2 +-free phosphate-buffered saline and PC-12 cells were dissociated by mechanical disruption. All cells were washed and incubated at 37 ~ in 5 % CO2 in complete medium for 24 h before experimentation.
In the first set of experiments, the kinetics ofcytokine-induced DNA damage and cell lysis were compared in the different cell lines by radiolabelling DNA and cytoplasmic proteins [13] . Cell DNA was labelled by incubating 10~ cells/ml with 1.62 gCi/ml 125IUdR in complete medium for 16 h. Cytoplasmicproteins were labelled in other cells, in parallel, by incubating 10~ cells/ml with 10 gCi/m151Cr sodium chromate in complete medium for 90 rain. The cells were then washed, seeded (106 cells per 35 x 10 mm petri dish) and incubated at 37 ~ in 5 % CO2 in 2.7 ml complete medium without and with cytokines for 1-18 h. The 125IUdR-tabelled cells were collected; DNA was then extracted and separated into a detergent-soluble fraction (fragmented DNA) and an insoluble fraction, and these were counted (12sI) in a gamma counter [13] . DNA fragmentation was calculated as 100% x soluble l~SI-DNA/(soluble + insoluble 125I-DNA). Mediumwas collected from the 51Cr-labelled cells and 51Cr was counted in a gamma counter. Percent cytokine-induced celllysis (SlCr release) was calculated as 100 % x (cpm with cytokines -cpm without cytokines)/(total cpm -cpm without cytokines). Total cpm was measured by dissolving the cells in 4 % Triton X-100.
In the last set of experiments, RINm5F cells were incubated at 37 ~ in 5 % CO2 in complete medium without and with cytokines, and without and with nicotinamide (0.1, 1.0 and 10 mmol/1) for 18 h. DNA fragmentation and total DNA were assayed as described above for whole islets [12, 13] .
Statistical analysis
Data were computed as means + SEM and groups of data were compared by Student's unpaired t-test.
Results
Concentrations of IL-lfl (10 U/ml), TNF~ (103 U/ml) and IFNT(103 U/ml) with maximal inhibitory effects on insulin release [17] did not affect DNA fragmentation or islet-cell recovery -measured as DNA levels in the islets (Table 1) . Combination of the cytokines, however, further inhibited insulin release, significantly increased DNA fragmentation, and decreased DNA levels in the islets. To determine if DNA fragmentation (Fig. 1) . The cytokine combination of IL-lfl, T N F a and IFNT/induced fragmentation of islet-ceU D N A into a similar ladder pattern at 24 h of incubation (Fig. 1) . These cytokine-induced oligonucleosomal bands were of low intensity, corresponding to the small increase in percentage of total islet-cell D N A that underwent fragmentation after exposure to the cytokine combination (-5 %, Table 1 ). However, the assay of percent soluble D N A probably gives an underestimation of the percent D N A fragmentation, due to some D N A fragments appearing in the insoluble pellet. This is suggested by the results in Figure I showing that a large proportion of D N A from islets incubated with cytokines for 24 h had migrated only a small distance down the gel compared to the D N A band from islets incubated in control medium for 24 h. Thus, it appears that most of the D N A remained as high molectdar weight species at the time of maximum D N A fragmentation into oligonucleosomes (24 h), similar to findings reported in T-cell hybridomas undergoing apoptosis [14] . D N A fragmentation into oligonucleosomes was no longer detected after 48 h incubation with the cytokines, since islet-cell To determine if beta cells participated in the cytokine-induced DNA fragmentation observed in whole islets, two islet beta-cell lines (RINm5F and NIT-1 cells) were studied. DNA fragmentation was monitored by measuring the appearance of 125I-labelled DNA in a soluble fraction of DNA, and cell lysis was monitored by measuring release of 51Cr-labelled cytosolic proteins from the cells (Fig. 2) . Cytokine-induced DNA fragmentation in RINm5F cells was significantly increased at 6 h whereas cell lysis was not significantly increased until 18 h. Similarly, cytokine-induced DNA fragmentation in NIT-1 cells was significantly increased as early as 3 h, followed by cell lysis at 6 h. In contrast, non-islet cell lines (GH-3, pituitary; PC-12, adrenal) responded differently. GH-3 and PC-12 cells were lysed by the cytokines, however DNA fragmentation was not significant (GH-3 cells) or occurred only after cell lysis (PC-12 cells).
To study further the relationship of cytokine-induced islet-cell killing to DNA fragmentation, nico-A. Rabinovitch et al.: Cytokines induce DNA fragmentation in beta cells tinamide, a known inhibitor of islet-cell killing by various cytotoxins, was added to RINm5F cells incubated with cytokines. Nicotinamide produced a dose-dependent parallel inhibition of cytokine-induced DNA fragmentation and cell (DNA) loss, and 10 mmol/1 nicotinamide completely prevented both DNA fragmentation and cell destruction by the cytokines (Fig.3) .
Discussion
This study demonstrates that cytokines can damage DNA in pancreatic islets and islet beta-cell lines. A combination of cytokines (IL-lfl, TNFa and IFNy) was required to induce DNA damage and this consisted of DNA fragmentation into oligonucleosomal subunits. This form of subcellular damage is characteristic of apoptotic cell death, in which nuclear damage is the dominant histologic feature [18] . The cytokine combination of IL-lfl, TNFcx and IFNTwas cytotoxic to islet beta-cell lines (RINm5F and NIT-l) and non-islet endocrine cell lines (GH-3 and PC-12); however, DNA fragmentation preceded cell lysis only in the islet betacell lines. Nicotinamide prevented both DNA fragmentation and destruction of RINm5F cells by the cytokines. These findings indicate that DNA is an early target of islet beta-cell injury by cytokines and that DNA fragmentation may be a mechanism of cytokine-induced beta-cell killing.
Our findings are similar to those of a recent study reporting that IL-lfl, in a high concentration (0.1 nmol/1 = 50 U/ml), caused DNA damage in rat islets and a hamster insulinoma cell line [19] . Although IL-lfl (10 U/ml) acting alone, did not cause significant DNA damage in our study, the combination of IL-lfl, TNFcz and IFNTdid result in significant DNA damage. Our failure to detect DNA damage with IL-lflalone may be related to the assay we used to measure DNA damage. Thus, the DNA assay we used measures amounts of DNA fragmented to small molecular weight species (soluble DNA) and therefore is less sensitive than the method used to detect DNA strand breaks in single cells [19] .
Regarding mechanisms of cytokine-induced DNA damage, inhibition of nitric oxide generation by an arginine analogue, L-NMMA was reported to prevent ILlfl-induced DNA damage in rat islet cells and a hamster insulinoma cell line, identifying NO as a mediator of cytokine-induced DNA damage [19] . We have also found that L-NMMA protects RINm5F insulinoma cells from DNA fragmentation induced by the cytokine combination of IL-lfl, TNFa and IFNT [20 ] . However, we also found that nicotinamide could prevent the DNA damaging effects of the cytokine combination without inhibiting NO generation [20] . This suggests that NO may be a mediator of cytokine-induced DNA fragmentation [19, 20] but that NO-independent mech-anisms of cytokine-induced DNA damage in islet cells may also exist and that nicotinamide may act on these pathways [20] .
Nicotinamide is a well-documented protector of islet cells from a variety of cytotoxic agents, including alloxan and streptozotocin [21, 22] , cytotoxic antibodies [21] , oxygen free radicals [21, 23] , NO [24] , and the cytokine combination of TNF~ and IFN)r [25] . However, mechanisms of nicotinamide-induced protection of islet beta cells from cytotoxic agents are incompletely defined and may depend on the cytotoxic agent. For example, LeDoux et al. [22] reported that nicotinamide decreased alloxan-induced DNA damage, but increased streptozotocin-induced DNA dam-6. age in RINm5F cells. This suggested that nicotinamide protected against alloxan by acting as an oxygen free 7. radical scavenger, but protected against streptozotocin by acting as a poly (ADP-ribose) transferase inhibitor. Our finding that cytokine-induced DNA fragmenta-8. tion was decreased by nicotinamide is similar to that observed using alloxan as a cytotoxic agent in 9. RINm5F cells [22] , and suggests that oxygen flee radicals are involved in the DNA damaging effects of the 10. cytokines.
Recent reports indicate that nicotinamide can inhibit NO generation by IL-lflin rat islet cells [26] and in' 11. RINmSF cells [27] . However, high concentrations of nicotinamide (10-50 retool/l) were used in these studies [26, 27] , and we have recently found that lower concentrations of nicotinamide (0.1-1 retool/l) can prevent cy-12. tokine-induced DNA fragmentation and death of RIN cells without inhibiting NO generation [20] . Therefore, we believe that nicotinamide acted on some NO-inde-13. pendent mechanism(s) of cytokine-induced cytotoxicity. This may be at a step(s) beyond NO generation since nicotinamide can prevent rat islet-cell lysis by ni-14. troprusside, a chemical NO donor [24] .
The present study demonstrates that a combination of cytokines (IL-lfl, TNF~ and IFN),) induces DNA 15. fragmentation and destruction of rat-islet cells and beta-cell lines. Mechanisms involved in cytokine-induced DNA fragmentation and how the latter event is involved in the death of the beta cell remain to be more 16. completely elucidated.
